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Abstract 
 
Two different precursors of zinc oxide were prepared via the ammoniacal ammonium 
carbonate leaching of the black mass obtained during the recycling of alkaline batteries. 
For a concentration of 0.1 mol/L of ammonium in the leaching solution, zinc basic 
carbonate, was obtained, while for higher ammonium concentrations (0.5 and 1 mol/L), 
zinc ammonium carbonate was the final product. These precursors were characterised 
by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
Thermogravimetric analysis (TGA/DTG) and Scanning electron microscopy (SEM), 
and calcined to obtain ZnO. Raman spectroscopy, X-ray diffraction and Transmission 
electron microscopy (TEM) analysis of the resulting zinc oxide samples indicated a 
wurtzite hexagonal lattice with a parameter values ranging from 3.23 Å to 3.30 Å, and c 
parameter values from 5.18 Å to 5.21 Å (values close to typical). The room temperature 
photoluminescence spectra of the zinc oxide samples showed two main bands: a high 
energy UV-blue band centred at either 412 or 382 nm (depending on the NH3 
concentration of the leaching solution used), and a green band centred at 527 nm.  These 
emission bands are comparable to those reported for pure zinc oxide.        
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1. Introduction 
 
ZnO is one of the most widely studied semiconductors due to its excellent properties for 
many technological applications. ZnO has attracted much attention as a component of 
ultraviolet and optoelectronic sensors (Chou et al., 2006), UV lasers (Tang et al.,1998), 
light emitting diodes (Tsukazaki et al., 2004) and solar cells (Keis et al., 200), etc., a 
consequence of its high refractive index and large exciton binding energy (60 meV) at 
room temperature.  ZnO crystallites can be obtained by different chemical and physical 
synthesis methods involving nanowires, nanobelts or nanorods. Other, more complex 
ZnO morphologies can be produced that expand its application range (Djurišić et al., 
2010). 
 
Several synthesis routes have been developed in order to manufacture or extract pure 
ZnO, mainly involving synthetic materials as precursor materials (Kołodziejczak-
Radzimska and Jesionowski, 2014). One widely used method is the thermal 
decomposition of different zinc compounds and salts. For example, Audebrand et al., 
1998 obtain zinc oxide powders by thermal decomposition of four different precursors 
(hydroxide nitrate, oxalate, hydroxide carbonate, and acetate); Baskoutas et al., 2007 by 
thermal decomposition of zinc alginate gels and finally, Khalil et al., 2014, by thermal 
decomposition of a binuclear zinc (II) curcumin complex. 
The most common precursors used in thermal decomposition for obtaining ZnO are the 
basic zinc carbonate forms Zn5(OH)6(CO3)2, Zn4CO3(OH)6.H2O and 
Zn3CO3(OH)4.2H2O. The Zn5(OH)6(CO3)2 is of particular interest given its low 
decomposition temperature (Tsukazaki et al, 2004). Basic zinc carbonates can be 
synthesized from zinc acetate dehydrate (Zn(CH3COOH)22H2O) and urea (NH2CONH2) 
via the sol-gel method (Wahab et al., 2008), by the dissolving of Zn(NO3)2.6H2O and 
urea in milli-Q water (Bitenc et al., 2008), and from ZnSO4 solution using (NH4)2CO3 
as a precipitating agent followed by thermal treatment (Li et al., 2005), among others.   
On the other hand alkaline batteries (which account for some 85% of all those 
manufactured (Deep et al., 2011)) have four main components: MnO2 (the positive 
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electrode), Zn (the negative electrode), electrolytes (KOH or ZnCl2 + NH4Cl), and steel 
(the battery casing).  Together, these make up some 93% of the average battery. The 
collection of spent portable primary and rechargeable batteries in Europe is mandated 
by Directive 2013/56/EU (European Parliament and the Council, 2013), which required 
Member States to achieve a collection rate of 25% by 2012 and 45% by 2016. Around 
214,000 tonnes of portable batteries (around 10.2 billion batteries) entered the market of 
the EEA+Switzerland in 2014, and around 85,000 tonnes of spent batteries were 
collected (European Portable Battery Association, 2015).  
 
A number of pyro- and hydrometallurgical processes have been developed for the 
treatment of these batteries which allow recovering the main components of these, Zn 
and Mn.  Both types of processes require the grinding and milling of the batteries, 
followed by the magnetic separation of all their steel components plus the removal of all 
their plastic and paper parts, to obtain a product known as "black mass". i.e., a black 
mixture of carbon,  ZnO, Zn/Mn oxides, and the battery's electrolytes.   
 
Pyrometallurgical treatment involves the recovery of Zn from this black mass via the 
Waelz process (Serbent et al., 1980) of carbothermic reduction in a rotary furnace. 
There are, however, several hydrometallurgical methods for recovering the Zn from 
alkaline batteries.  One of these, leaching with H2SO4, allows some 95% recovery of the 
Zn, but it also simultaneously recovers some 45% of the Mn (Salgado, 2003); the 
leachates produced therefore have to be treated to separate these metals.  Although most 
of the iron in batteries is removed during the magnetic separation step, its elimination is 
not complete. Hence, leaching the black mass of batteries with acid, has the drawback 
that the leachate is contaminated by iron. To overcome this problem, leaching with 
NaOH (Senanayake et al., 2010), and  ammoniacal-(NH4)2CO3 solutions have been 
studied. Zn forms stable complexes in the Zn-CO2-NH3 system, allowing the final 
recovery of Zn in the form of ZnO via ZnCO3 intermediates (Buzatu et al., 2013). 
Leaching with ammoniacal NH4Cl solution has also been studied; Zn forms stable 
complexes in the Zn-Cl-NH3 system (Nogueira and Margarido, 2015).  
  
 
The present work explores the production of ZnO via the thermal decomposition of 
Zn5(OH)6(CO3)2 and Zn(NH3)(CO3) obtained from the ammoniacal-(NH4)2CO3 
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1eaching of the black mass extracted from alkaline batteries.  The ZnO recovered was 
characterised, and its photoluminescent behaviour at room temperature in the visible 
and infrared ranges examined. 
 
2. Experimental  
 
2.1. Black mass starting material: characterisation 
 
Black mass starting material from the recycling of Zn-C and alkaline batteries was 
obtained from Envirobat España S.L. (Guadalajara, Spain).  Collected batteries were 
ground in a mill under an N2 atmosphere.  The steel components were then magnetically 
separated, and the plastic and paper components removed.  The resulting black mass 
had a grain size of <0.83 mm. The chemical composition of the black mass was 
determined by X-ray fluorescence using a PANalytical Aχios wavelength dispersive 
spectrometer (4 kW).  The mineralogical composition of the black mass was determined 
by X-ray diffraction (XRD) using a Siemens D5000 diffractometer equipped with a Cu 
anode (Cu Kα radiation) and a LiF monochromator.   
 
2.2. Production of ZnO 
 
ZnO was produced from the black mass in three steps: (i) leaching of the black mass 
with ammoniacal (NH4)2CO3; (ii) evaporation of the leachate under vacuum, and iii) 
calcination of the post-evaporation product.  
 
(i) Leaching: The black mass was leached with 1.72 mol/L (NH4)2CO3 (final black 
mass pulp concentration 100 g/L) at room temperature for 60 min, agitated at 
1800 rpm. The concentration of NH3 added to the leaching solution varied from 
0.1 to 1 mol/L. The suspension obtained was filtered under vacuum and the 
resulting solution (leachate) kept for further processing. An aliquot of the 
leachate was used for the determination of its Zn and Cu content by atomic 
absorption spectroscopy.  
(ii) Evaporation: representative samples (0.5 L) of the leachate obtained with each 
leaching solution (i.e., with the different NH3 concentrations) were evaporated in 
a Buchi R-100 Rotavapor under a pressure of 34 bars. The resulting solid 
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(termed 'precursor') was dried in an oven at 80º C for 6 h.  A sample of each of 
the precursors obtained was characterised as described below. 
(iii) Calcination: The different precursors were calcined at 800º C for 5 h in a  
Heraus Model 10003 furnace to obtain ZnO.  
 
2.3. Structural analysis of the precursors and the ZnO obtained from them  
 
All precursor and ZnO samples were characterized by scanning field emission electron 
microscopy (SFESEM) using a HITACHI S-4800 instrument, and by XRD using a 
Siemens D-500 X-ray diffractometer. 
 
The precursors were also subjected to Fourier-transformed infrared spectroscopy (FTIR) 
using a Varian 670 FTIR spectrometer (spectral range 4000-400 cm−1, spectral 
resolution of 4 cm−1) in transmittance mode. This analysis was performed using a pellet 
(made following the KBr pellet technique [precursor = 1 wt.%]) of each precursor 
produced. In addition, the precursors were subjected to thermogravimetric 
decomposition analysis, performed using 12 mg samples in a SETARAM Sensys 
Evolution 1500 instrument (microbalance sensitivity ± 0.1 µg) at temperatures up to 
650°C. All analyses were performed under a constant flow of Ar (20 ml/min).  
Thermogravimetric Analysis (TGA) and erivative Thermogravimetric Analysis (DTG) 
curves were prepared under non-isothermal conditions and the decomposition interval 
of the precursors determined.  
 
The different ZnO samples were also characterised by transmission electron microscopy 
(TEM) using a JEM2100 HT transmission microscope. In addition, visible 
photoluminescence (PL) and micro-Raman spectra were obtained using a confocal 
Horiba Ybon instrument using excitation wavelengths of 325 nm and 633 nm 
respectively. For the latter two analyses, the ZnO samples were compacted into pellets, 
by pressing the powders under 1T pressure 
 
3. Results and Discussion 
 
3.1. Characterisation of the black mass and synthesis of the precursors 
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The black mass was mainly composed of Mn (36.8 wt.%) and Zn (23.7 wt.%) with 
some C (6 wt.%) (Table 1). Around 50% of the Zn was in the form of ZnO and 50% in 
the form of Zn Mn2O4. 
 
The majority crystalline phases of the black mass were ZnO (zincite) and ZnMn2O4 
(hetaerolite), plus smaller amounts of KCl (silvite) and Ca6Mn8 (Fig.1).  
 
Table 2 shows the results of leaching, evaporation and calcination.  The greater the NH3 
content of the leaching solution, the more Zn2+ the leachate contained (hence a greater 
content is expected for the solutions with NH3 concentrations between 0.5 mol/L and 1 
mol/L).  The post-evaporation mass of precursor (Mc) obtained also increased with 
increasing NH3 in the leaching solution, from 20.83 g/L at 0.1 mol/L NH3 to 26.05 g/L 
at 1 mol/L (similar  variations were obtained per 100 g of black mass [Mm]).  
 
The mass of ZnO obtained after leaching, evaporation and calcination (MZnO) increased 
with the concentration of NH3 in the leaching solution, from 13.08 g/100 g of black 
mass for 0.1 mol/L NH3 to 15.10 g/100 g for 1 mol/L NH3. The recovery of ZnO (RZnO) 
ranged from 42.6 wt.% to 47.6 wt.% for the 0.1 and 1 mol/L NH3 leaching solutions 
(the leaching solutions solubilise Zn only when in the form of ZnO (Shin et al., 2008)). 
 
Several complexes were formed during leaching depending on the concentrations of 
Zn2+, NH4+ and CO32- (Hubbel, 1926;  Spink and Stein, 1989; Rodríguez et al., 1999, 
Wang and Muhammed, 1999). In an (NH4)2CO3 medium, the extraction reaction for the 
leaching of ZnO follows Equation 1:  
ZnO + (NH4)2CO3 + 2 NH4OH    Zn(NH3)42+ + CO32- + 2H2O   (Equation 1) 
Normally, the soluble species of Zn in this leaching medium is Zn(NH3)4CO3 (Meng 
and Han, 1996, Rodríguez et al., 1999), with a Zn:NH3 ratio of 1:4.  However, other 
species of Zn(NH3)4CO3 could appear with a Zn:NH3 ratio of 1:1 to 1:6 depending on 
the NH3 concentration of the solution (Harvey, 2006 and Shin et al., 2008).  However, 
when the Zn or NH3 concentrations are lower, the basic carbonate Zn5(OH)6(CO3)2 
appears (Table 2) (Buzatu et al., 2013, Moghadman et al., 2014).  
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3.2. Structural analyses 
 
3.2.1. Precursors 
 
Figure 2 shows the XRD spectra of the different precursors produced. When leaching 
was performed with the 0.1 mol/L NH3 (NH4)2CO3 solution, the XRD peaks show that 
the precursor obtained was the basic carbonate Zn5(CO3)2(OH)6 (JCPDS card No. 00-
019-1458) and K2CO3 1.5H2O (00-011-0655) see Fig. 2a, while for concentrations of 
0.5 and 1 mol/L NH3 it was Zn(NH3)(CO3) (JCPDS card No. 01-088-2016) (Fig. 2b and 
2c). 
 
Figure 3 shows the TGA and DTG curves obtained for each precursor. Figure 3a shows 
those for the decomposition of the basic carbonate Zn5(CO3)2(OH)6 under non-
isothermal conditions. Decomposition is seen to occur in two stages.  In the first, which 
occurs between 60º C and 138º C, a mass loss of some 1.6 wt.% was caused by the 
release of hydration water. This is followed by the rapid decomposition of the 
Zn5(CO3)2(OH)6.  The DTG curve indicates this to occur between 251 and 308º C, with 
a peak at 284º C. The TGA curve shows the loss of mass to be 26.1 wt.%, which 
corresponds to the theoretical value of 25.9 wt.% for this basic carbonate.  Between 
450º C and 650º C, the TGA curve reveals constant mass loss, suggesting that the 
decomposition of the Zn5(CO3)2(OH)6 leads directly to the formation of ZnO, without 
passing through intermediate products (e.g., ZnCO3) (Kanari et al., 2004; Li et al., 2005; 
Alhami et al., 2015). This decomposition reaction is represented thus: 
 
Zn5(CO3)2(OH)6 → 5ZnO + 2CO2 + 3H2O     (Equation 2) 
 
In the present work, the temperature recorded for this decomposition was higher that 
than reported by other authors for basic carbonates produced via other synthetic routes.  
For example, the decomposition temperature for a basic carbonate prepared from 
Zn(NO3)2·6H2O and urea was reported to be 220º C (Liu et al. 2004); 244ºC (Li et al., 
2005); 244º C (Ariyanto et al., 2009) and finally 180-350º C (Alhawi et al., 2015); for a 
carbonate produced by the dissolution of analytical grade ZnO in ammoniacal 
(NH4)2CO3 was reported as 270ºC (Moghaddam et al., 2014); for a carbonate obtained 
by hydrothermal synthesis from hexamethylenetetramine and zinc acetate (Zn(O2CCH3)2) 
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in an NaF medium was 210-450º C (Han et al., 2016); for a carbonate produced by 
reacting Zn(NO3)2 and (NH4)2CO3 in ethanol was 220º C (Raoufi, 2013a and Raoufi, 
2013b); for a basic carbonate prepared from a simple urea aqueous solution route for 
the synthesis of zinc hydroxide carbonate and ZnO microcrystals using zinc nitrate 
as the starting salt was 290º C (Bitenc et al., 2008); for a hydrothermal treatment 
of zinc nitrate aqueous solution containing urea up to 160º C was 260º C  (Music et 
al., 2002); for a basic carbonate prepared from zinc oxide and ammonium 
hydrogencarbonated in aqueous solution was 250º C (Dobrydnev et al., 2014) and 
finally, for hydrothermal treatment of zinc acetate dehydrate and urea at 120º C 
was 250º C (Hu et al., 2010). 
The high decomposition temperature of the present black mass-obtained 
Zn5(CO3)2(OH)6 might be a consequence of impurities in the leachate, especially Cu. 
Cu can partially replace Zn, giving rise to compounds of the type (ZnxM1-
x)5(CO3)2(OH)6, where M = Cu or Co, etc. (Han et al., 2016).  
 
Figures 3b and 3c show the TGA and DTG curves for the Zn(NH3)(CO3) obtained with 
the 0.5 and 1 mol/L NH3 leaching solutions respectively . The DTG curve in Figure 3b 
shows the Zn(NH3)(CO3) to decompose in two stages. The first, from 110.6 to 184ºC, 
involves the elimination of the water adsorbed onto the surface of the carbonate. In the 
second, an intense endothermic effect occurs between 248 and 319º C, with a peak at 
289º C. The TGA curve shows a mass loss of some 40.2 wt.%, comparable to the 
theoretical mass loss for this precursor (42.8 wt.%). It also reveals a constant mass loss 
over the interval 450-650º C, suggesting the reaction proceeds as follows (3): 
 
Zn(NH3)(CO3) → ZnO + NH3 + CO2    (Equation 3) 
 
The DTG curve in Figure 3c (produced with 1 mol/L NH3 in the leaching solution) 
shows that the decomposition of the carbonate occurs in a single stage at a temperature 
of 247-319º C, with a peak at 289º C. The TGA curve shows a mass loss of 41 wt.%, 
comparable to the theoretical mass loss for this precursor (42.8 wt.%).  It also shows a 
constant mass loss between 450 and 650º C, suggesting the reaction proceeds as in 
Equation 3. 
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In the present work, the temperature recorded for the decomposition of  the 
Zn(NH3)(CO3) (289º C ) was similar that than reported by other authors. For example, 
the decomposition temperature for a zinc ammonium carbonate was reported to be 280º 
C (Ehret and Greenstone, 1943; Zelanák et al., 2000; Wen et al., 2004) 
 
Figure 4 shows the FTIR spectra for the different precursors. Figure 4a shows the FTIR 
spectrum for the basic carbonate Zn5(CO3)2(OH)6. The bands 1506 and 1387 cm−1 (ν3 
frequency) and 1046, 836 and 707 cm−1 (ν1 frequency) confirm the presence of 
carbonate groups (Bitenc et al., 2008).  The separation of the bands 1506 and 1387 cm-1 
indicates a high degree of crystallinity (Music et al., 2002). The absorption peak at 3340 
cm-1 is the stretching vibration of hydrogen bonds, indicating the plentiful existence of 
hydroxyl groups and the formation of Zn5(CO3)2(OH)6. 
 
Figures 4b and 4c show the FTIR spectra for the Zn(NH3)(CO3) precursors obtained 
with 0.5 and 1 mol/L NH3 in the leaching solution: the curves for both are the same.  
The presence of the band at 1564 cm-1 and the shoulder at 1389 (ν3 frequency), along 
with the bands at 845 and 743 cm-1 (ν4 frequency), confirm the presence of carbonate 
groups. The absorption peaks at 3351 and 3263 cm-1 represent the stretching vibration 
of N-H bonds, indicating the plentiful existence of ammonium groups. In addition, the 
bands at 1621 and 1243 cm-1 (δas) confirm the presence of N-H bonds. 
 
Figure 5a shows the micro- and nanostructures of the Zn5(CO3)2(OH)6 that appeared 
during the synthesis process. Figures 5b and 5c show those corresponding to the two 
samples of Zn(NH3)(CO3). The Zn5(CO3)2(OH)6 shows structures such as microflowers, 
while the two Zn(NH3)(CO3) samples show microrods. In Figure 5c (in which the 
Zn(NH3)(CO3) was produced with 1 mol/L NH3 in the leaching solution), these rods are 
apparently surrounded by an amorphous material. This might be excess Zn or impurities 
such as K2O; certainly potassium is present in the starting black mass since it is a 
component of battery electrolytes. 
 
3.2.2. Characterisation of the ZnO produced from the different precursors 
 
Table 3 shows the chemical composition of the ZnO obtained from the different 
precursors.   
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Figure 6 shows TEM images of the ZnO nanoparticles produced from the different 
precursors, and their respective selected area electron diffraction (SAED) patterns. In all 
cases the nanoparticles were single-crystal nanometric hexagonal plates; only slight 
differences between the ZnO samples were seen in terms of hexagonal regularity and 
edge length.  The SAED patterns revealed the values dL1=2.86 Å, dL3=2.82 Å and 
dL2=2.80 Å (where L1, L2 and L3 refer to the increasing concentration of NH3 in the 
leaching solution [0.1 mol/L, 0.5 and 1.0 mol/L NH3]), which correspond to a lattice 
spacing of {1010} planes. The zone axis in all these planar structures appears parallel to 
the [0001] direction.  The c parameter values were calculated from the SAED patterns 
as cL1=5.19 Å, cL2=5.21 Å and cL3=5.18 Å  
 
Structural characterization of the ZnO samples was completed by XRD and Raman 
spectroscopy. Figure 7 shows the XRD patterns for each sample; the peaks are indexed 
as belonging to the wurtzite ZnO phase (JCPDS card No. 01-079-0206). No differences 
were seen between the different ZnO samples in terms of peak location, shape or 
amplitude.  The definition of the diffraction peaks indicates a high degree of 
crystallinity.  Micro-Raman analysis (Fig. 8) confirmed the presence of wurtzite-phase 
ZnO (Xu et al., 2004) with Raman optical modes centred at 100 cm-1(E2), 208 cm-1 and 
334 cm-1 (second order vibrations), 380 cm-1  (A1 TO), 437 cm-1 (E2) and 583 cm-1 
(E1LO). The L3 ZnO sample (i.e., that produced with the 1 mol/L NH3 leaching 
solution) showed well defined peaks but also a strong background of red luminescence 
caused by the use of the 633 nm laser excitation source.  
 
The luminescent properties of compounds are strongly related to their electronic and 
crystalline structures; the luminescent mechanisms of compounds are therefore strongly 
influenced by the way in which they are prepared. ZnO luminescence is the result of 
many different processes, and those at work in the present samples might vary 
considerably from those taking place in commercial ZnO powders. Intrinsic defects in a 
ZnO lattice, such as oxygen or zinc vacancies or interstitials, may affect its 
luminescence (Rodnyi and Khodyuk, 2011, Zeng et al., 2010).  
 
The PL spectra in Figure 9 show two main components for all samples of ZnO.  The 
first component is a high energy emission band (UV-blue band), centred at 412 nm (2.9 
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eV) in the L1 and L3 ZnO samples, and at 382 nm in the L2 ZnO sample.  In samples 
L1 and L3, this UV-blue band is composed of four weak contributions at 375 nm (3.3 
eV), 382 nm (3.2 eV), 412 nm (2.9 eV, the strongest contribution) and 430 nm (2.8 eV).  
This fourth contribution might be assigned to the presence of oxygen vacancies (Zhu et 
al., 2008) and has previously been reported as the consequence of either an oxygen 
deficiency or the presence of non-stoichiometric ZnOx crystals mainly concentrated at 
the grain boundaries (Jin et al., 2000) (which might be of interest for producing ZnO for 
use in gas sensing applications). The 412 nm contribution might correspond to radiative 
transitions from neutral or charged Zn interstitial levels to valence or near-valence 
band acceptor energy states (Rodnyi and Khodyuk, 2011). However this adscription is 
not clear and several authors, for instance Fan et al., 2005, attribute it to transitions from 
Zn vacancy energy levels to shallow acceptor energy states.   
 
The UV-blue band of sample L2 is composed of two contributions centred at 375 nm 
(3.3 eV) and 382 nm (3.2 eV).  The first of these either corresponds to band gap 
emission or to radiative processes linked to longitudinal optic phonons (Xu et al., 2004).  
The second, a near band edge transition, is proposed by some authors to be due to 
mechanisms of recombination of free excitons via exciton-exciton collisions (Jin et al., 
2000, Zhu et al., 2008, Ghosh et al., 2011). The lack of the 430 nm (2.8 eV) 
contribution seen in the L1 and L3 samples might indicate that the x parameter 
(describing the stoichiometry of the ZnOx crystal) has a value close to one or slightly 
higher, which would points toward a certain Zn deficiency. Since all the precursors 
were calcined under similar oxidising atmospheres, the cause of the PL variations 
between the samples in the UV-blue band can only be the result of the different NH3 
concentrations of the leaching solution.  
 
The second luminescent component in the spectra is a broad green-yellow band.  This 
dominates the spectrum of all the ZnO samples.  The strongest contribution to this 
component is centred at 527 nm (2.35 eV). The origin of this band is uncertain, 
although it is known to be composed of multiple contributions. This band mainly 
reflects transitions involving intrinsic defects such as Zn interstitials, oxygen vacancies 
and Zn vacancies, along with complex extrinsic defects. The literature indicates that the 
contribution centred at 527 nm (2.35 eV) is characteristic of oxygen-rich samples, with 
Zn vacancies responsible for its emission (Xu et al., 2004). Calcination in an oxidising 
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atmosphere is not the only way to increase the concentration of Zn vacancies; alkaline 
elements such as Li or K could also promote their formation (Zhu et al., 2008) by 
reducing their formation energy. The greater intensity of the L2 ZnO green-yellow band 
compared to those of L1/L3 suggests that oxygen vacancies might not an play important 
role in the luminescence observed, and might indicate it to be largely caused by Zn 
vacancy-related transitions. The observed Zn deficiency of the L2 sample might have 
favoured transitions between Zn vacancy levels, leading to the enhancement of the 
green-yellow band. On the other hand, the slight shoulder observed around 600nm, 
would reinforce our hypothesis about the role of the alkaline (Urbieta et al., 2001). 
 
4. Conclusions 
 
ZnO was obtained from spent batteries by leaching, evaporation and calcination. The 
NH3 concentration of the leaching solutions was critical in the type of post-evaporation 
precursor produced: Zn5(CO3)2(OH)6, at 0.1 mol/L, and Zn(NH3)(CO3) at 0.5 and 1.0 
mol/L. The ZnO produced by the calcination of these precursors showed 
nanostructurates, good crystalline quality, and few impurities. Structural measurements 
indicated wurtzite phase ZnO to be dominant in the final products obtained from all 
precursors.    
 
Photoluminescence analysis showed the crystallization process to be strongly dependent 
on the NH3 concentration of the leaching solution, which might induce intrinsic defects 
in the stoichiometry of O and Zn in the ZnO lattice. However, the luminescent bands 
obtained, and their relative intensities, are comparable to those reported for commercial 
ZnO powders.  The 'tunability' of the PL bands during ZnO synthesis might be possible, 
allowing the production of ZnO with different specifications for different applications.   
 
Moreover we have demonstrated that ZnO can be recovered from spent batteries by the 
proposed leaching/thermal decomposition process.  The ZnO produced may differ in its 
PL properties depending on the concentration of NH3 in the leaching solution, allowing 
for ZnO of required specifications to be manufactured.   
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Figure Captions 
 
Figure 1. XRD pattern of the initial black mass. 
Figure 2. XRD patterns of the precursors obtained with the: a) 0.1 mol/L; b) 0.5 mol/L; 
and c) 1 mol/L ammoniacal ammonium carbonate leaching solutions. 
Figure 3. TGA and DTG curves, obtained under non-isothermal conditions, for the 
different precursors obtained with the: a) 0.1 mol/L; b) 0.5 mol/L; and c) 1 mol/L NH3 
ammoniacal ammonium carbonate leaching solutions. 
Figure 4. FTIR spectra of the precursors obtained with the: a) 0.1 mol/L; b) 0.5 mol/L; 
and c) 1 mol/L ammoniacal ammonium carbonate leaching solutions.. 
Figure 5. SEM images.  a) microflower of  Zn5(CO3)2(OH)6  (obtained with 0.1 mol/L 
NH3 (NH4)2CO3 leaching solution); b) and c)  microrods of  Zn(NH3)(CO3)  (obtained 
with the 0.5 mol/L and 1 mol/L ammoniacal ammonium carbonate leaching solutions). 
Figure 6. TEM images of the ZnO obtained with different ammoniacal ammonium 
carbonate leaching solutions. 
Figure 7.XRD patterns for the ZnO obtained with different ammoniacal ammonium 
carbonate leaching solutions.  
Figure 8. Raman spectra of the ZnO samples (incident wavelength 633 nm). 
Figure 9. PL spectra of the ZnO samples. 
 
 
Table Captions 
 
Table 1. Chemical composition of the starting black mass. 
Table 2. Result of leaching, evaporation and calcination.  
Table 3. Chemical composition of the ZnO obtained from the different precursors.   
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Table 1. Chemical composition of the starting black mass. 
 
Compound wt.% 
Na2O 
MgO 
Al2O3 
SiO2 
P2O5 
SO3 
Cl 
K2O 
CaO 
TiO2 
MnO 
Fe2O3 
Co3O4 
NiO 
CuO 
ZnO 
SrO 
ZrO2 
Nb2O5 
CdO 
SnO2 
BaO 
La2O3 
CeO2 
PbO 
Ctotal 
S 
7.75 
0.23 
0.46 
1.69 
0.99 
0.64 
1.76 
6.70 
0.36 
0.191 
43.30 
1.42 
0.03 
0.28 
0.08 
26.88 
0.04 
0.01 
0.01 
0.01 
0.03 
0.13 
0.05 
0.10 
0.04 
8.20 
0.24 
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Table 2. Result of leaching, evaporation and calcination.  
 
Sample (NH4)(CO3) 
(mol/L) 
NH3 
(mol/L) 
Lixiviation Evaporation Calcination Zn 
Recovery 
 Zn2+ (g/L) Mc 
(g/L) 
Mm 
(g/100 g) 
MZnO 
(g/ 100 g) 
wt.% 
L1 
L2 
L3 
1.72 
1.72 
1.72 
0.1 
0.5 
1.0 
10.94 
12.07 
12.89 
20.83 
25.93 
26.05 
19.30 
23.39 
25.76 
13.08 
14.36 
15.10 
42.6 
45.2 
47.6 
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Table 3. Chemical composition of the ZnO obtained from the different precursors.   
Compound Wt.% 
 ZnO(L1) ZnO(L2) ZnO(L3) 
Na2O 
MgO 
Al2O3 
SiO2 
P2O5 
Cl 
K2O 
CaO 
TiO2 
MnO 
Fe2O3 
Co3O4 
NiO 
CuO 
ZnO 
- 
- 
0.08 
0.18 
1.47 
- 
1.49 
0.30 
0.03 
0.01 
0.13 
- 
0.06 
0.07 
96.20 
- 
0.40 
0.09 
0.16 
1.48 
0.03 
4.20 
0.34 
0.03 
0.02 
0.10 
- 
0.11 
0.17 
92.73 
- 
0.42 
- 
0.12 
1.52 
- 
4.28 
0.32 
0.03 
0.02 
0.12 
- 
0.09 
0.09 
92.97 
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Figure 9 
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ZnO obtaining from spent batteries by a leaching, evaporation and calcination  
 Wurtzite phase is dominant in the final ZnO obtained  
 
 ZnO obtained shows nanostructures, good crystalline quality and few impurities 
 
 “Tunability” of  PL bands in ZnO synthesis might allow ZnO for different 
applications 
 
 
 
